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ABSTRACT

The topoisomerase III gene ( top3 +) from Schizosac-
charomyces pombe was isolated and a targeted gene
disruption ( top3 :: kan R) was used to make a diploid
strain heterozygous for top3 +. The diploid was sporu-
lated and the top3 :: kan R spores went through four to
eight cell divisions before arresting as elongated,
predominantly binucleated cells with incompletely
segregated chromosomes. This demonstrates that
top3 + is essential for vegetative growth in fission
yeast. The aberrant chromosomal segregation seen
in top3 ::kan R cells is unlike the ‘cut’ phenotype seen
in mitosis-defective mutants and so we refer to this
phenotype as ‘torn’. A deletion mutant, rad12-hd
(rad12 is a homolog of Saccharomyces cerevisiae
SGS1), partially suppressed the lethality of top3
mutants. A point mutant, rad12-K547I , which presum-
ably eliminates helicase activity, also suppresses the
lethality of top3 mutants, demonstrating that the
lethality seen in top3 – cells is most likely caused by
the helicase activity of Rad12. This double mutant
grows very slowly and has much lower viability
compared to rad12-hd top3 ::kan R cells, implying that
the helicase activity of Rad12 is not the only cause of
top3 – lethality. The low viability of rad12 – top3 –

mutants compared with rad12 single mutants
suggests that Top3 also functions independently of
Rad12.

INTRODUCTION

The exact role of topoisomerase III (Topo III) in cells is not
completely understood. Originally discovered in bacteria, it
has now been shown to exist in other organisms, including
humans and mice (1,2). InEscherichia coli, Topo III has been
shown to possess potent decatenating activity, particularly
when single-stranded (ss)DNA is present in the molecules (3).

Escherichia coliTopo III removes negative supercoils, a
activity that also requires ssDNA in the substrate (3). Mo
recently it was shown thatE.coli RecQ helicase activity stimu-
lates Topo III to fully catenate plasmid DNA (4). RecQ hel
case was shown to bind closed circular DNA, presumab
creating a single-stranded region for Topo III to catena
double-stranded (ds)DNA molecules. The presence of a sing
stranded region in the DNA substrate was not sufficient
stimulate catenation by Topo III, supporting a specific requir
ment for RecQ helicase in this reaction (4).

Eukaryotic Topo III is a type I topoisomerase and a memb
of the E.coli type I topoisomerase family, which include
E.coli topoisomerases I and III (1,5–7). The first description
Topo III in eukaryotic cells came from a screen of hype
recombination mutants inSaccharomyces cerevisiae(7). A
mutant was isolated that showed hyper-recombination as w
as slow growth. In addition, this mutant was found to be steri
Isolation of the gene revealed that it shared homology with t
E.coli topAandtopB genes (the genes coding for topoisome
ases I and III, respectively). This homology was confirmed
the ability of the bacterialtopA gene to complement the slow
growth phenotype of the yeast mutant (7). These data, alo
with the finding that the gene shared no homology with oth
eukaryotic topoisomerase genes, led the authors to nam
TOP3. In vitro, theTOP3gene product was shown to weakly
relax negatively but not positively supercoiled DNA (5). Thes
investigators also observed that Topo III has a strong pref
ence for binding to ssDNA and that it is a relatively wea
topoisomerase. Their studies also considered the activities
E.coli topoisomerases I and III and concluded that biochem
cally it is more similar to bacterial Topo III. In mice, Topo III
is widely expressed in several tissues (2,8). Extremely hi
levels of Topo III mRNA were detected in mouse testis begi
ning some 12–14 days after birth. Knockout mice die
embryos, suggesting that Topo III is an essential gene in ea
mouse development (6).

A screen for extragenic suppressors of thetop3 mutant
phenotype inS.cerevisiaeled to isolation of a gene designate
SGS1, for slow growth suppressor (9). Two-hybrid studie
showed that the gene product ofSGS1interacts with both
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topoisomerases II and III (9,10). Sgs1 was shown to be a heli-
case of the RecQ family (9,10). InE.coli, loss of RecQ helicase
has been associated with increased illegitimate recombination
(11). In association with other mutations, RecQ mutants are
UV sensitive and have greatly reduced homologous recombi-
nation (12,13). Sgs1 is three times the size of RecQ, possessing
additional sequences both N- and C-terminal to the centrally
located helicase. This family has since been expanded to
include the humanBLM and WRN genes (associated with
Bloom’s and Werner’s syndromes, respectively), human
RECQ (hRECQ) and two other recently identified human
genes containing recQ helicase domains (14–19). The physical
association between Topo III and Sgs1 suggests a functional
relationship between these two proteins, where Sgs1 creates
products whose resolution depends on Topo III. This sugges-
tion is based on the fact that the slow growth seen in Top3-
deficient cells is suppressed by loss of the Sgs1 helicase.

In the fission yeastSchizosaccharomyces pombe, therad12+

gene (also referred to asrqh1+ andhus2+) has been isolated and
shown to be another member of the RecQ helicase family
(20,21). This gene was initially identified in a screen for radia-
tion-sensitive mutants (22) and was independently isolated as
hus2+ in a screen for hydroxyurea (HU)-sensitive mutations
(23). Our interest inrad12+ began with the finding that the
rad12-502mutant has reduced levels of Uve1 activity, a UV
damage endonuclease (24).rad12– cells are UV- andγ-radia-
tion-sensitive as well as sensitive to HU (20,21,23). In addi-
tion, rad12 mutants show chromosomal instability and
demonstrate a defect in exiting a HU-induced checkpoint
(20,21). This defect was manifested in cells as missegregated
chromosomes where DNA is seen stretching between paired
nuclei in elongated cells. Because of the relationship of Sgs1
and Top3, we sought to understand whether a similar associa-
tion existed between Rad12 and Top3 inS.pombe. Here we
describe the isolation ofS.pombe top3+ and show that it is
essential. Interestingly, the phenotype that we observe in
top3::kanR cells is reminiscent of the chromosomal missegre-
gation seen inrad12– cells upon exit from S phase checkpoint
arrest. To distinguish this phenotype from ‘cut’, where the
septum splits the nucleus, we suggest the term ‘torn’ to
describe this phenotype, referring to the ripped appearance of
the chromosomes and the absence of an obvious septum in
these cells. We further show that the lethality oftop3::kanR

cells is suppressed inrad12mutants and present evidence that
the lethality is partially dependent on Rad12 helicase activity,
although helicase activity alone may not fully explain the

lethality. Finally, rad12 mutants do not completely restore
viability in top3 mutants, demonstrating that Top3 may als
function independently of Rad12.

MATERIALS AND METHODS

Media and strains

Media. The sporulation medium was EMM with no nitrogen
supplemented as appropriate. YEA was 30 g/l glucose, 5
yeast extract and 75 mg/l adenine. Minimal medium was 1.7
of yeast nitrogen base (Bufferad) and 5 g (NH4)2SO4, supple-
mented with 75µg/ml uracil, 75µg/ml leucine and 75µg/ml
adenine unless indicated otherwise.

Strains.All strains used in this study are shown in Table 1.

Plasmids and strain constructions

Cloning of S.pombe top3+ cDNA. A partial cDNA for top3+

was isolated by PCR amplification of a 292 bp fragment usi
degenerate primers (Top3sp5′ and Top3sp3′) based on two
highly conserved sequences in theS.cerevisiaeand human
TOP3 genes. (All oligonucleotides used in this study a
shown in Table 2.) The template was 1µg of plasmid DNA
isolated from aS.pombecDNA library. The PCR product was
sequenced and the results used to search theS.pombegenome
database at the Sanger Center. This search identified a cos
(c16g5) containing a probabletop3 gene. Likely exons and
intron boundaries were identified by comparing the ope
reading frames from this cosmid with the sequence ofS.cerevi-
siae TOP3.

To isolate a full-length cDNA, 1µg of a S.pombecDNA
library was used as template for PCR amplification usingPfu
polymerase (Stratagene) and primers (cTOPA and cTOP
predicted to bracket the complete coding region oftop3+. The
products were gel purified, digested withNcoI and SalI, and
cloned into pBluescript (Stratagene). The resulting cDN
designated pMM1, was completely sequenced using oligo
cleotide primers, whose sequences were based on the gen
sequence.

top3+ genomic clone.A library made by partialHindIII diges-
tion of S.pombegenomic DNA was screened with a radio
labeled probe for clones containingtop3+ sequences. A
plasmid (pgTOP3) identified in this screen was shown
contain the entiretop3+ gene by restriction analysis and by
PCR amplification of the 5′-end, middle and 3′-end of the gene

Table 1.Schizosaccharomyces pombestrains used in this study

All the strains are isogenic to 972, except the SZ109 diploid strain, which was used in thetop3+ disruption experiment.

Strain (laboratory) name Genotype

972 (SZ06) h–S

rad12::hd (SZ36) h–S, ade6-210, leu1-32, ura4-D18, rad12::ura4+

top3+/top3::kanR (SZ107) h+Nh–S ura4-D18/ura4-D18, leu1-32/leu1-32, adeM210/adeM216, top3::kmx+/top3+

rad12-hd top3::kanR (SZ109) h–S, ade6-210, leu1-32, ura4-D18, rad12::ura4+, top3::kmx+

FC584 (SZ106) h+Nh–S ura4/ura4, leu1-32/leu1-32, adeM210/adeM216

rad12-K547I(SZ123) h–S, ade6-210, leu1-32, ura4-D18, rad12-K547I

rad12-K547I top3::kanR (SZ124) h–S, ade6-210, leu1-32, ura4-D18, rad12-K547I, top3::kmx+
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using paired primers cTOP1/cTOP3, cTOP11/TOP3ver2 and
cTOP9/cTOP13, respectively. pgTOP3 was further digested
with BamHI to eliminate sequences downstream of the gene,
creating pgTOP3b. Restriction analysis showed that pgTOP3b
contains 316 bp of genomic sequence upstream of the ATG
start codon and 123 bp downstream from the TAG stop codon.

Construction of the top3 disrupted strains

The top3+ gene was disrupted with the kanamycin resistance
gene under the control of the TEF promoter (25). The 3′-
sequences of thetop3+ gene, from nucleotide 1298 to 2261,
were PCR amplified using primers top3cNotI and top3dSpeI.
This 963 bp fragment was subcloned into theSmaI site of
pBluescript, amplified, cut from there withEcoRI/SpeI (as a
618 bp fragment as there is an internalEcoRI site at nucleotide
1643) and cloned into theEcoRI andSpeI sites downstream of
the kanr gene in plasmid pFA-kanMX4, creating pkanMX4-
top3.3′ (25). This plasmid contains theE.coli transposon
Tn903 kanr fused to the transcriptional and translational
control sequences of the TEF gene of the fungusAshbya
gossypii. The 5′-upstream region oftop3+, from –951 to –25,
was PCR amplified using primers top3e and top3f. This 933 bp
fragment was cloned into theSmaI site of pBluescript, ampli-
fied, then excised from there withBamHI/SalI and cloned into
theBglII andSalI sites upstream of thekanR gene in pkanMX4-
top3.3′. The final construct was designated pTop3Kmx.

The disruption cassette was cut from pTop3Kmx withNotI
and was used to transform the diploid strain FC584 (F. Chang)
as described (26). Positive colonies were selected for on rich
medium containing Geneticin (G418; Gibco). Several colonies
were isolated. Proper disruption oftop3+ was confirmed by
PCR. The 5′-junction was confirmed using primers TOP3ver1
and Kan1 and the 3′-junction was confirmed using primers

TOP3ver2 and KanRev. The diploid strain was allowed
sporulate by streaking onto sporulation medium. Tetrads w
dissected on YEA plates.

The rad12-hd top3::kanR and rad12-K547I top3::kanR

double mutants were made by transformingrad12-hd and
rad12-K547I, respectively, withNotI-digested pTop3Kmx.
Transformants were selected for on rich medium in the pre
ence of G418. Confirmation of the disruption was carried o
by PCR analysis.

Growth kinetics

Overnight cultures grown in rich medium were dilute
~1:1000 and allowed to grow at 30°C for ~14 h. The experi-
ment was started when there were ~2× 105 cells/ml. Beginning
at time 0 and then at each hour for the next 8 h, 100µl of cells
was placed in 1 ml of isotonic solution and counted in a Coult
counter. The particle size cut-off was set at 6µm. Each time
point was counted three times. Fold increase was calculate
relative to the first time point, time 0. Plots are averages
three independent experiments.

Photographs of mutant cells

Diploid top3::kanR were plated on sporulation plates and incu
bated for 48 h at 30°C. Asci were scraped from the plates an
resuspended in 1 ml sterile water with 5µl glusulase.
Following incubation for 8 h at 30°C, spores were plated onto
rich medium plates and incubated for 36 or 72 h at 30°C. At
36 h a mixture oftop3+ and top3::kanR colonies were scraped
from the plates and resuspended in water, fixed in ethanol a
stained with DAPI at 0.25µg/µl. At 72 h microcolonies,
assumed to betop3::kanR, were plucked from the plates, fixed
and stained with DAPI. All of therad12 single mutant and
rad12 top3 double mutant strains were also examined b

Table 2. Oligonucleotides used in this study

aThe degenerate oligonucleotides were designed using the codon bias ofS.pombe.
by = c + t; h = a + c + t; n = a + c + t + g; b = c + t + g.
cw = a + t; r = a + g; m = a + c.
dThese oligonucleotides were designed using thetop3cDNA sequence.

Oligonucleotide Sequence Purpose

Top3sp5′a TGCCAGTTYCCHACNCTBGGCTTTGb Degenerate oligo used to isolatetop3+

Top3sp3′a CTGTTCKWGGATAAGAWATRAAMCCc Degenerate oligo used to isolatetop3+

cTOPAd AAGGCAGTCCATGGCTATGCGCGTCCTATGTGTTGCTG Primes at 5′ ATG of top3+ to make full-length cDNA

cTOPDd CCGCGAAGTCGACCTAGGTTTGCGGTTCATTATGAC Primes at 3′ stop oftop3+ to make full-length cDNA

cTOP1d ATGCGCGTCCTATGTGTTGC Verify genomic clone

cTOP3d GTGATGATTTGAGCATCG Verify genomic clone

cTOP11d CGGGACAGATGCTACTATG Verify genomic clone

TOP3ver2 ACGGATCCAACTCAAGATG Verify genomic clone and TOP3 disruption

cTOP9d CCAAAGGAGCCGAAACG Verify genomic clone

cTOP13d GGATCATATGAACTAGAAC Verify genomic clone

top3cNotI ACGAGGCAGCGGCCGCGACGCTTAAAAACGAAAG Createtop3+ disruption

top3dSpeI CGATGCACACTAGTGGCTTCCGTAATAA Createtop3+ disruption

top3e GGTTAATCGCACCTCC Createtop3+ disruption

top3f CTTGGATATTGCACACC Createtop3+ disruption
TOP3ver1 CGGCTGCAAGGTCTTCGTC Verifytop3+ disruption
Kan1 GCGGCGTGGGGACAATTC Verifytop3+ disruption
KanRev CCTCGACATCATCTGCCC Verifytop3+ disruption
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fluorescence microscopy following DAPI staining. Cells were
prepared from cultures grown to mid-log.

RESULTS

Identifying S.pombe top3+

To isolate the gene fortop3+ in S.pombe, we first used degen-
erate oligonucleotides as primers (Top3sp5′ and Top3sp3′) to
PCR amplify a fragment oftop3+ using a cDNA library as the
template. The oligonucleotide sequences were based on two
highly conserved amino acid sequences in the human and
S.cerevisiae TOP3genes. We then sequenced the products of
these PCR reactions and used the sequences to search the
S.pombegenome database at the Sanger Centre. This search
identified a cosmid, c16G5 (GenBank accession no.
AL023554) from chromosome II, which contained a probable
S.pombe top3+ homolog. Using the genomic sequence data, we
developed primers to amplify a full-lengthtop3+ cDNA using
plasmid DNA generated from a cDNA library as template. The
cDNA was fully sequenced and the data compared with the
genomic sequence to check for fidelity. The coding sequence
(GenBank accession no. AAD22485) was used to identify the
five introns intop3+ (Fig. 1).

The complete genomic sequence oftop3+ from ATG to the
stop codon is 2203 bp and the complete coding sequence
(including the stop) is 1869 bp, which translates to a predicted
protein of 622 amino acids of ~71.2 kDa. BLAST searches of
the GenBank database reveal thatS.pombeTop3 shares signifi-
cant sequence homology with topoisomerases in organisms
ranging from bacteria to humans (Table 3). An alignment of
S.pombeTop3 with human andS.cerevisiaeis also shown in
Figure 1. Note that the human protein is larger, with 30 addi-
tional amino acids at the N-terminus and extending 350 amino
acids longer at the C-terminus.

Dissectingtop3+ function

To investigate the role of Top3 inS.pombecells, we created a
top3 null mutant. We began by disruptingtop3+ with a
selectable marker,kanR, the gene for kanamycin resistance,
under control of the TEF promoter (25). The disruption
construct, designed to putkanR in place of nucleotides –25 to
1643 of genomictop3+ (Fig. 2A), was used to transform
S.pombediploid strain FC584. Transformants (designated
top3+/top3::kanR) were selected for on rich medium containing
G418 and specific integration of thekanR marker at thetop3+

locus was confirmed by PCR.
The heterozygous diploid was allowed to sporulate and

tetrad analysis showed 2:0 segregation (Fig. 2B). In this
picture, four out of 12 tetrads give only one colony. This result
was seen in several experiments, showing reduced spore
viability in the top3+/top3::kanR diploid heterozygote. Micro-
scopic examination of the spores which failed to form colonies
showed that the cells stopped dividing after approximately four
to eight cell divisions, indicating thattop3+ is essential for
vegetative growth inS.pombe. To better understand the cause
of cell death intop3– cells, DAPI stained cells were examined
by fluorescence microscopy. Thetop3+/top3::kanR diploid
strain was sporulated and treated with glusulase to release indi-
vidual spores. To see early events, cells were scraped from
plates that had been incubated for 36 h. This mixture oftop3+

and top3::kanR cells was examined by fluorescence micro
scopy. Many cells appeared to be unable to properly segreg
their chromosomes (Fig. 3B–D). These cells were elonga
and often binucleated and sometimes had DAPI stain
material strung out between the paired nuclei. The appeara
of DNA in these cells was reminiscent of what is seen
rad12– cells upon exit from a cell cycle checkpoint-induce
arrest (20,21). The chromosomal aberrations seen intop3– cells
differ from those described in ‘cut’ mutants where abnorm
chromosomal segregation arises when the septum cuts thro
the nucleus. In Figure 3 there are no visible septa bisecting
cells, rather, the DNA appears to be torn apart and so
propose to call this phenotype ‘torn’. Cells grown for 72 h ha
progressed to forming visible colonies. Microcolonie
presumed to betop3::kanR, were plucked from plates and
stained with DAPI. These cells had more pronounced morph
logical changes, with more severely fragmented chromosom
acentric nuclei and often had DAPI stained material scatte
throughout the cell (Fig. 3E–H). We cannot dismiss the pos
bility that some of the morphological abnormalities seen

Figure 1. Comparison of the fission yeast, human andS.cerevisiaeTop3 amino
acid sequences.Schizosaccharomyces pombeTop3 is 622 amino acids long,
comparable to the length ofS.cerevisiaetopo III, which contains 656 amino
acids. While both share significant homology with human topo III, the hum
protein is 1001 amino acids long. Black boxes show areas of identity and g
boxes are areas of similarity.
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these cells are simply late events occurring in dying cells.
Nonetheless, these results demonstrate that cells lacking Top3
undergo aberrant chromosomal events.

Suppression oftop3– lethality

As previously reported, the slow growth oftop3 mutants in
S.cerevisiaeis suppressed by mutations in theSGS1gene, the
homolog ofS.pombe rad12+. To investigate whether a similar
relationship exists inS.pombe, we deleted thetop3+ gene
(top3::kanR) in a rad12mutant strain, in which the entire heli-
case domain and C-terminus of Rad12 were deleted (named
rad12-hdfor helicase deleted).rad12-hdhas been previously
referred to asrad12::ura4+ and was made by replacing nucleo-
tides 1360–3462 ofrad12+ with ura4+ (21; Fig. 4A). The
double mutantrad12-hd top3::kanR was viable but did not
grow as well as therad12-hdsingle mutant (Fig. 5).

To ask specifically if it was the helicase activity of Rad12
that was responsible for the lethality oftop3 mutants, a point
mutation in the ATP binding domain ofrad12was made. The
mutation, rad12-K547I, is within the helicase domain and
results in an isoleucine substitution at the invariant lysine at
amino acid 547 (Fig. 4A). This lysine is conserved in all of the
RecQ helicases that have been sequenced and is part of the
Walker A-type nucleotide binding box. This region of the heli-
case domain has been shown to be important for Rad12 activity
as the originalrad12-502mutation is a T→I change at position
543 (27). Therad12-502mutant suppressestop3– lethality but
our previous data suggested that it may retain low activity and
so we chose to make therad12-K547Imutation. In previous
studies, this lysine was shown to be essential in the hydrolysis
of ATP and substitution of this lysine abolished helicase and
ATPase activity in a number of helicases, including RecQ (28–
32). Substitution of arginine for this lysine allowed ATP
binding but blocked hydrolysis of ATP and therefore helicase
activity in S.cerevisiaeRAD3 protein (32), demonstrating the
need for a positively charged residue at this position for ATP
binding. Changing this lysine to isoleucine should block ATP
hydrolysis and helicase activity. Consistent with this, the
rad12-K547I mutant grew slowly (Fig. 5), supporting the
notion of deficient helicase activity. Therad12-K547I
top3::kanR double mutant was viable, demonstrating that the
helicase activity of Rad12 causes lethality intop3 mutants of
S.pombe. However, this mutant had lower growth rates and
reduced plating efficiency compared with therad12-hd
top3::kanR double mutant (Fig. 5 and Table 4).

We then quantitated the differences in growth rates
studying growth kinetics for each single and double muta
and comparing them with the growth of wild-typeS.pombe
(972). Growth studies were carried out in three separ

Table 3.Comparison of topoisomerase 3 in various organisms

aThe percentages of identity and similarity betweenS.pombeTop3 and its homolog in the corresponding organism.

Organism/gene Identitya Similaritya Region of similarity (no. of amino acids) Genbank accession no.

Saccharomyces cerevisiae TOP3 44% 60% 654 P13099

HumanTOP3 42% 63% 600 Q13472

MouseTOP3 42% 63% 598 BAA25662

Caenorhabditis elegans TOP3 40% 60% 623 AAC13567

Drosophila melanogaster TOP3 34% 53% 591 AAD13219

Arabidopsis thaliana TOP3 30% 47% 610 AAD15404

Bacillus subtilis TOP1 23% 41% 532 P39814

Escherichia coli TOP1 24% 42% 444 P06612

Figure 2. top3+ is an essential gene. (A) PCR-generated fragments from the 5′-
and 3′-ends oftop3+ were ligated onto either side of thekanr gene within the
pFA-kanMX4 plasmid creating pTop3Kmx. The disruption casset
(top3::kanR) was cut out of the plasmid withNotI and was used to disrupt the
genomictop3+ gene in aS.pombediploid strain. Black boxes represent introns
(1–5), white boxes are exons (I–VI) and striped boxes show intergenic regio
The kanamycingene(kanr) is flanked by control sequences of the TEF gen
(shown in gray) of the fungusA.gossypii. (B) The diploid strain was sporulated
and the asci dissected. Tetrad analysis revealed a 2:0 segregation where
two spores were viable in each tetrad. Some tetrads are shown here with
one viable spore.
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experiments where all strains were grown simultaneously. The
cells were grown at 30°C in YEA with shaking. An overnight
culture was grown starting with a dilution that would allow
cells to reach mid-log by morning. An aliquot of cells was
diluted 1:100 and counted in a Coulter counter. We carried out
preliminary readings in the range of concentrations needed for
these studies using the Coulter counter and showed that it gave
identical cell counts to those obtained manually using a hemo-
cytometer. Cell growth was monitored by counting cells every
hour for 8 h. The data were very consistent both within and
between experiments. As can be seen in Figure 5 and Table 4,
both of therad12 single mutants grew slower than the wild-
type. Of these,rad12-hd grew better than the point mutant
rad12-K547I, with doubling times of 2 h 23 min and 2 h
33 min, respectively. Whentop3+ was disrupted inrad12-hd,
growth slowed only slightly (the doubling time increased from
2 h 23 min to 2 h 39 min). In contrast, growth inrad12-K547I
top3::kanR was severely reduced, with a doubling time of 3 h
43 min, which represents a 70 min increase in doubling time.

Fate of top3– cells

In addition to cell growth, we also measured cell viability. I
three separate experiments cells were grown at 30°C in YEA to
mid-log and counted. Based on the cell count, an aliquot
each culture was diluted and 200 cells were plated onto YE
plates. The plates were incubated for 3–5 days and counted
summary of the results are shown in Table 4. The viability
calculated as the fraction of cells that formed colonies (i.e. n
of colonies/no. of cells plated). The average viability for wild
type cells was 90%. Each of therad12single mutants showed
significantly lower viability; 44% forrad12-hdand 18% for
rad12-K547I. The viability decreased for each double mutan
dropping to 19% forrad12-hd top3::kanR and to only 7% for
rad12-K547I top3::kanR. These viability results parallel the
results of the growth studies, in that the viability of each stra
was comparable with the growth rate. Thus, of the mutan
rad12-hdhas the highest viability with the fastest growth rat
andrad12-K547I top3::kanR has the lowest viability with the
slowest growth rate. What these results suggest is that
decrease in growth is not due to cells dividing more slowly, b
to more cells dying.

In addition, we fixed and DAPI stained cells from each of th
single and double mutants and examined them by fluoresce
microscopy. Photographs of these cells are shown in Figure
These photographs show that in all mutant strains there i
mix of normal and elongated cells. In addition, some cells ha
evidence of fragmented chromosomes, revealed by multi
fluorescent spots. Chromosomal fragmentation is typica
seen in elongated cells. The strains with the highest proport
of cells having altered morphologies are those with the slow
cell growth and lowest plating efficiency. Thus, comparison
rad12-hdwith rad12-K547I top3::kanR shows thatrad12-hd
has relatively few abnormal appearing cells while manyrad12-
K547I top3::kanR cells are elongated, with smaller cells als
containing some aberrant chromosomal features such as ex
nuclear DAPI stained material. Thus, those cells wi
abnormal morphologies are likely to account for the ce
which are dying. There are a greater number of abnorm
appearing cells inrad12 top3double mutants compared with
rad12single mutants, but the abnormalities appear similar.

DISCUSSION

How do cells mutated intop3+ die?

The findings presented here demonstrate that thetop3+ gene is
essential for vegetative growth inS.pombe. Immediately after
sporulation of atop3+/top3::kanR diploid strain, cells lacking
Top3 are capable of dividing, but after a few generations c
growth stops. This would appear to be a function of accum
lated chromosomal aberrations and not due to depletion o
remaining supply of active Top3 from thetop3+ allele of the
diploid. This is based on observing Top3-deficient cells f
30 h after sporulation.top3+/top3::kanR diploid cells were
allowed to sporulate and dissected into tetrads. Forty tetr
were followed microscopically for 30 h. What we observe
was that elongated cells appeared throughout the growth
colonies, as early as the first cell division. This demonstra
that the effects of loss of Top3 on cells were immediate and n
delayed, as would be expected if a supply of Top3 were be

Figure 3. Fluorescence microscopic images of DAPI stainedtop3::kanR cells.
Wild-type cells are shown in (A). A top3+/top3::kanR strain was sporulated and
treated with glusulase. Then spores were plated and allowed to grow on YEA
plates. After 36 h colonies were too small to isolate individually so cells were
scraped from the plates, fixed and stained with DAPI (B–D). These photo-
graphs show a mixture oftop3+ and top3::kanR cells. Note the extranuclear
fluorescent material and the fragmented nature of chromosomal material in the
cells indicated with arrows. After 72 h microcolonies, assumed to be
top3::kanR, were isolated, fixed and stained (E–H). Here the cells have a much
more severe phenotype, with very elongated cells and very fragmented fluores-
cent material. In many cells no nucleus is apparent and instead what appears to
be chromosomal material is dispersed throughout the cell.
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depleted. Also, some colonies accumulated as few as 6–20
cells where others grew to as many as several hundred before
growth ceased. If active Top3 was being titrated out we would
predict a more uniform number of cells to accumulate in each
colony. The assumption thattop3 mutants die as a result of
accumulated chromosomal aberrations is based on the observa-
tions seen in DAPI stained cells.

It was previously demonstrated that inrad12+ mutants, chro-
mosomal aberrations are readily visualized in cells exiting a
cell cycle checkpoint arrest (20,21). These aberrations were

observed in DAPI stained dividing cells, where the bulk of th
DNA can typically be seen to have separated but some DNA
seen strung out between the two nuclei. This is the sa
appearance that DNA has in DAPI stainedtop3::kanR cells
seen in Figure 3B–D. We assume that this extranuclear DN
occurs as a result of unsegregated sister chromatids, simila
what was described inrad12+ mutants upon exit from an
induced S phase checkpoint arrest, where this was attribute
a defect in the suppression of recombination (20). In these c
there is no evidence that the septum is cleaving the nucle

Figure 4. Mutations inrad12+ suppress the lethality oftop3mutations. Thetop3+ gene was disrupted in two separaterad12mutant backgrounds,rad12-K547Iand
rad12-hd, to show that loss of Rad12 helicase activity restores viability in atop3::kanR mutant. (A) Schematic of the tworad12mutants. The striped box indicates
theura4+ gene withinrad12+ creatingrad12-hd. The 2102 bp between theHindIII sites (H) were removed and theura4+ gene inserted on a 1.8 kbHindIII fragment.
rad12-K547Iwas created by mutating the invariant lysine (K) at position 547 to an isoleucine (I). The helicase domain is indicated in gray and the Walke
in black. (B) Wild-type (972) and mutant strains were streaked onto YEA plates and incubated for 2–3 days at 30°C.

Table 4.Growth characteristics ofrad12– andrad12– top3– mutants

aThe growth rate double/single corresponds to the growth of the double mutantrad12– top3– relative to its corresponding single mutantrad12–.
bThe viability (colonies/cells plated) corresponds to the plating efficiency.
cIn this study 972 is used as the reference strain.

Strain Average doubling time Growth rate relative to 972 Growth rate double/singlea Viability (colonies/cells plated) (range)b

rad12+ top3+ (972)c 1 h 52 min – – 0.897 (0.72–1.16)

rad12-hd top3+ 2 h 23 min 78% – 0.312 (0.25–0.46)

rad12-hd top3::kmx+ 2 h 39 min 70% 90% 0.189 (0.08–0.25)

rad12-K547I top3+ 2 h 33 min 73% – 0.18 (0.15–0.22)

rad12-K547I top3::kmx+ 3h 43 min 50% 69% 0.07 (0.05–0.08)
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We refer to this phenotype as ‘torn’ to distinguish it from the
‘cut’ phenotype that occurs inS.pombecells mutated intop2+

or in one of thecut genes (33–36). Microcolonies formed on
plates grown for 3 days, presumed to betop3::kanR were
picked with the aid of a microscope. Multiple colonies were
picked, stained with DAPI and examined microscopically (Fig.
3E–H). Here we see that the chromosomes appear very
degraded with cells having unusual and elongated shapes.
DAPI stained material is seen throughout, suggesting frag-
mented chromosomes. While it is likely that some portion of
these alterations are attributable to loss of Top3, these cells are
also dead. Therefore, we cannot rule out the possibility that
some of the chaotic appearance in these cells is typical of any
dying cell. Nonetheless, it would appear that inS.pombe, cells
lacking Top3 die as the result of an inability to properly segre-
gate their chromosomes. Finally, it is interesting to note the
reduced spore viability in atop3+/top3::kanR heterozygous
diploid (Fig. 2B). Comparatively, it had also been reported that
null mutations ofTOP3 in S.cerevisiaedisplay a pleiotropic
phenotype including a sporulation defect (9).

Cell viability and growth kinetics

In this study we have used two parameters to quantitate the
ability of rad12 mutants to suppress the lethality of cells
lacking Top3. Growth kinetics measure the rate of increase in
cell number in a culture in log growth from which we can
calculate an average doubling time. Plating efficiency is a
measure of cell viability, where we plate a specific number of
cells from a mid-log culture, incubate the plates for 3–5 days
and count the number of colonies formed. These two measure-
ments are not independent and in fact the slow growth in these
mutants may be due to reduced cell viability. As seen in Figure
6, dividing cells in the mutant strains are similar in size to

dividing wild-type cells. Since cell length is a reflection of ce
division time inS.pombe, we conclude that these mutants hav
the same, or very similar, doubling times as wild-type cells.

Is it the Rad12 helicase activity that causes cell death in
top3– cells?

Our results, showing that the lethality seen intop3::kanR

mutants is suppressed in arad12– background, are reminiscen
of the results inS.cerevisiaewhere the slow growth phenotype
of a top3 mutant is suppressed in asgs1mutant background
(9). These results suggest that the phenotypes associated
loss of Top3 occur because this topoisomerase is neede
resolve some intermediate that is generated by the RecQ h
case activity of Rad12 or Sgs1. This conclusion is in confli
with the results of one report inS.cerevisiae(37). In that study
SGS1was mutated at the invariant lysine in the ATP bindin
domain within the Walker A-box which is known to
completely block ATPase and helicase activity. This muta
sgs1-hd, was shown to completely lack helicase activity
sgs1-hdwas transformed into asgs1 top3double mutant on a
plasmid. The transformed cells were shown to behave a
they were wild-type forSGS1, i.e. the cells grew slowly. These
data demonstrate that it is some function other than the helic
that is responsible for the suppression of Top3 activity
S.cerevisiae.

Figure 5. Growth kinetics. YEA was inoculated with each strain at a cell con-
centration that overnight yielded logarithmic growing cultures of similar cell
concentration (0.5× 104–2.0× 105) the next morning. Aliquots of cell suspen-
sions were taken every hour for 7 h and the cell count determined at each time
point in a Coulter counter. The plot shows the average of three independent
experiments. In some cases the error bars are smaller than the symbol and so
are not visible. (Square), 972; (filled triangle),rad12-hd; (filled circle), rad12-
K547I; (open triangle),rad12-hd top3::kanR; (open circle), rad12-K547I
top3::kanR.

Figure 6. Fluorescence microscopy showing the morphologies of the sin
and double mutants. Cells were isolated, fixed and stained with DAPI fro
mid-log cultures of each strain. It is clear that the increased severity and
quency of nuclear abnormalities and cellular morphologies parallels the se
ity of the phenotype in terms of growth and viability.
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In our studies, we used tworad12 mutants to suppresstop3–

lethality; rad12-hdhas a deletion of the entire helicase domain,
while rad12-K547I has a point mutation at the invariant lysine
that should eliminate ATP binding and helicase activity (see Fig.
4A). rad12-hdis a null mutant eliminating the terminal two-thirds
of the gene. Thetop3::kanR mutation was introduced into each of
theserad12– strains by gene replacement and the double mutants
analyzed for viability and cell growth. Both double mutants were
viable, showing that either mutation suppresses the lethal effects
of deletingtop3. The fact that a point mutation thought to inacti-
vate the helicase activity of Rad12 suppresses loss of Top3 argues
that the helicase activity is responsible for this lethality, however,
the degree to which these two alleles could suppress the lethality
differed greatly. In the case ofrad12-hd top3::kanR we found that
cell viability was 19%, compared with 31% for therad12-hd
single mutant. The doubling time forrad12-hd top3::kanR was 2 h
39 min, a 17 min decrease from therad12-hdsingle mutant. There
is a correspondingly small increase in morphological aberrations
seen in the double mutant compared with the single mutant as
well. In contrast,rad12-K547Imutants were much less efficient in
suppressing the lethality oftop3::kanR. rad12-K547I top3::kanR

had greatly reduced cell viability, extremely slow cell growth and
extreme morphological changes to the cells. The viability of
rad12-K547I top3::kanR was only 8%, with a doubling time of 3 h
43 min. The reduced viability and growth kinetics are borne out by
the extreme level of morphological abnormalities seen in these
double mutants (Fig. 6). It should be noted that while it is assumed
that therad12-K547Imutant lacks helicase activity, it is possible
that low levels of activity exist and this could be the cause of the
reduced viability seen in this mutant compared with therad12-hd
mutant.

From these results we draw three conclusions. First, the heli-
case is partially responsible for cell lethality inS.pombe top3
mutants, as inactivation of the helicase partially restores
viability. Second, some other activity in Rad12 also contrib-
utes to the lethality oftop3 mutants, as cell viability and
growth are greatly improved when the entire Rad12 is deleted
as inrad12-hd top3::kanR, compared with simply inactivating
the Rad12 helicase as inrad12-K547I top3::kanR. This would
partially support the conclusions of Luet al. (37) in claiming
that something other than the Sgs1 helicase causes slow
growth in S.cerevisiae top3mutants. An alternative explan-
ation inS.pombeis that inactive Rad12 binds to its target DNA
but with no helicase activity to move it along, it creates a block
that is unable to move along the DNA. Third, Top3 appears to
have essential functions independent of Rad12 based on the
fact that neitherrad12 mutant completely suppresses the
lethality of top3 mutants. This is seen by comparing growth
and viability of each singlerad12 mutant with their corre-
sponding double mutant.

Comparison of top3mutation in S.pombeand S.cerevisiae

The lethality seen inS.pombe top3mutants is in contrast to the
phenotype ofS.cerevisiae top3mutants which, despite their
slow growth compared to the wild-type, are viable. This
lethality appears to more closely reflect the situation in
mTOP3α knockout mice, which die early in embryogenesis
even though the mouse genome contains at least one additional
top3homolog,mTOP3β (6). The lethality associated with loss
of Top3 in S.pombeis partially suppressed by mutations in
rad12+, while in S.cerevisiaethe slow growth oftop3mutants

is completely suppressed by mutations inSGS1. We would not
anticipate thatrad12 top3double mutants would grow at wild-
type rates asS.pombe rad12single mutants already grow more
slowly and have reduced viability compared with wild-typ
cells. However, therad12 top3double mutants do not recove
to the growth rates of therad12 single mutants. This result
demonstrates that Top3 must also function independently
Rad12. This does not appear to be the case inS.cerevisiae. It
may eventually be shown that for Rad12 it has functions th
are independent of Top3.

The rad12-hddeletion mutant grows much better than th
rad12-K547Ipoint mutant. These data suggest that the pr
ence of Rad12 with an inactivated helicase is detrimental to
cell. Results from bothS.pombeandS.cerevisiaesupport the
conclusion that most of the effects associated with loss of To
depend on the presence of Rad12/Sgs1. Together, our re
demonstrate that Top3 and Rad12 play similar roles to th
counterparts inS.cerevisiae, however, differences suggest tha
they appear to play a more complex role inS.pombe. While
there is a large body of data concerning phenotypes associ
with loss of the RecQ helicases and Topo III, the actu
biological functions of these proteins remain to be determine

NOTE

The authors note that during the time in which this work wa
under review a manuscript similar in scope was published
Nucleic Acids Research(38).
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